Abstract-This paper investigates optimal transmission of space-time block codes (STBCs) in distributed multiple-input multiple-output (D-MIMO) Rayleigh fading channels. The optimal diversity performance is achieved through transmit power allocation implemented at the receiver based on transmit and receive correlations to minimize the average symbol error rate (SER). Evaluation of SER performance of uncoded STBCs over a generalized distributed antenna (DA) topology is first presented, with exact analytical SER expressions derived for MQAM and MPSK symbols. SER upper bounds are also derived, based on which two criteria for complexity reduced antenna subset selection with sub-optimal power allocation are further proposed, whose performance approaches optimal over correlated D-MIMO channels. Moreover, a novel simplified but close SER approximation scheme is devised to significantly facilitate optimal SER calculation. We continue to thoroughly analyze how the optimal diversity is affected by large scale fading, targeted data rate, antenna correlations and transmit power. Finally, we develop a surprisingly close and useful analogy between open loop STBCs in co-located MIMO and optimal STBCs in D-MIMO with minimum feedback (i.e., n bits for n DAs in Criterion 2 with power allocation scheme 2 which equally allocates power to the selected DAs). Extensive simulation results have been presented to demonstrate the effectiveness of our analysis.
received considerable attention. Distributed antenna system (DAS) has attracted attention recently since it can counteract large-scale fading (path loss and shadow fading) and improve coverage, link quality and system capacity [11] , [12] , [13] . Information theoretic results in [1] , [2] have further demonstrated the capacity advantage of DAs over C-MIMO. To fully explore the capacity advantages of DAs, the concept of distributed wireless communication system (DWCS) is proposed [3] , [4] . Many cellular service providers or system manufacturers are seriously considering replacing legacy cellular systems with DAS and DWCS or adopting the DAs architecture in the future.
The combination of space-time coding and geographically dispersed antennas in DAS or DWCS seems promising, since it takes advantages of macroscopic diversity, transmit/receive diversity and shortened access distance. However, equal power and rate transmission of space-time codes over distributed MIMO (D-MIMO) channels in DAS or DWCS may result in unacceptable performance due to different large scale fading among the DAs. Therefore, transmit power and rate allocation based on some channel state information (CSI) feedback is indispensable. Some attempts have been made to apply spacetime codes to D-MIMO channels. For high spectral efficiency, a spatial multiplexing scheme is proposed in [5] . When high diversity gain is required, space-time block codes (STBCs) [6] can be utilized to effectively counteract the detrimental effects of channel fading, like the work in [15] , [16] . When linear dispersion codes [22] are applied to wireless relay networks, the cooperative diversity performance is addressed in [20] , [21] .
Among the various space-time codes, STBCs are particularly attractive for practical system deployment due to its decoding simplicity. Since downlink data transmission may be the bottleneck in future wireless communications, we focus in this paper on optimal downlink STBCs design in single user D-MIMO channels. A generalized DA topology is considered, i.e., the DAs are randomly grouped into a number of geographically dispersed ports where the DAs are colocated. Transmit and receive antenna correlations are assumed due to the placement of the arrays or the geometry in the practical transmission scenarios [20] . Following [2] , consider a circular area with radius R where the mobile terminal (MT) is at the centre and N (N = ST ) DAs are evenly grouped into S uniformly distributed antenna ports. Assuming the port 1536-1276/08$25.00 c 2008 IEEE density S/πR 2 = λ, the average square access distance is derived to be (N + N/S) /2πλ. Obviously, the fully scattered D-MIMO (i.e. S = N ) has the largest channel capacity and C-MIMO (i.e. S = 1) corresponds to the lowest capacity. However, the generalized DA topology seems more practical since deploying fully scattered DAs is generally rather difficult in some scenarios. Also, multiple DAs in each port can be adaptively configured to accommodate various communication scenarios.
Previously proposed optimal STBCs schemes are generally confined to C-MIMO channels, with various transmitter CSI assumptions. Without CSI, equal transmit power allocation will be adopted [6] , [28] . With channel covariance [23] or mean [24] feedback, optimal precoders (beamformers) have been pursued to minimize average symbol error rate (SER). An upper bound of the pairwise error probability (PEP) is minimized in [29] based on covariance feedback. The techniques in [23] , [24] , [29] consider transmit-only correlation and are well suited to downlink situations where an elevated access point transmits to a MT placed in a rich scattering environment. Recently, precoder designs have been proposed to address both transmit and receive correlation scenarios, e.g. the work in [26] .
Actually, D-MIMO is the general form of C-MIMO. The above precoders developed for C-MIMO can be extended to D-MIMO. However, nearly perfect knowledge of channel correlations at the transmitter is generally assumed which may not be feasible in practice due to many reasons such as limited feedback rate and feedback quantization errors. In D-MIMO, each MT may be surrounded by many DAs and need to feed back its transmit and receive correlation matrices including as many DAs as possible before its optimal DA subset (with optimal power allocation) is determined. Heavy system overhead is hence incurred. On the contrary, if each MT selects its optimal DA subset and feeds back the transmit power allocation results efficiently, complexity of system implementation will be significantly reduced.
Moreover, optimal STBCs design in D-MIMO indicates optimal utilization of the diversity potential provided by the channel. For a thorough understanding of optimal diversity of D-MIMO with transmit and receive correlations, we have difficulty in directly applying the existing precoder designs to the above generalized DA topology, since most of them assume receive antennas are uncorrelated. Some features of the optimal precoder are derived in [26] , from which an explicit interpretation of optimal diversity performance also seems difficult to be obtained. Based on transmit and receive antenna correlations, simple but effective transmit power allocation schemes at receiver side are indeed well motivated, which are expected to reduce feedback overhead and to yield an explicit diversity analysis.
The error-correcting codes developed for single antenna transmission can be applied directly as outer codes in our system and the uncoded SER criterion will still provide a good indicator for the coded bit error rate (BER) as well. Upper bound for BER has been analyzed for serial concatenation of inner STBCs with outer tuobo code [18] or trellis-coded modulation [17] . In this paper we investigate uncoded STBCs over the generalized DA topology and explore efficient receiver-side optimal transmit power allocation based on transmit and receive correlations in flat Rayleigh fading channels to minimize the SER. The main contributions of this paper include:
• For STBCs transmitted over correlated D-MIMO channels with MPSK and MQAM symbols, we derive closedform SER expressions which hold for a generalized DA topology.
• Sub-optimal power allocation schemes with reduced complexity are proposed, which approach the optimal SER performance when combined with antenna subset selection. Tight upper bound on the optimal SER performance is obtained and a surprisingly close and useful analogy is developed between open loop STBC in C-MIMO and optimal STBC in D-MIMO with minimum feedback, facilitating wide applications of STBCs in DAS, DWCS, ad hoc and wireless relay networks.
• Based on extensive SER analysis, the impact of the large scale fading, targeted data rate, antenna correlations and transmit power on the optimal power allocation and diversity order is analyzed.
• A novel scheme is proposed to closely approximate the optimal SER performance of STBCs in correlated D-MIMO channels. The rest of the paper is organized as following. In Sectio II, the system model for D-MIMO is given. In Section III, exact SER expressions for M-QAM and M-PSK symbols are derived. Sub-optimal power allocation schemes are proposed in Section IV, and antenna subset selection criteria are further given. In Section V, numerical results are presented. We conclude this paper in Section VI.
II. SYSTEM MODEL
Consider the downlink single user (n, l, q 1 , . . . , q l , m) D-MIMO fading channels. As shown in Fig. 1 , n DAs are randomly grouped into l geographically dispersed ports with q j DAs in the j th port, with l j=1 q j = n, and the m receive antennas of the mobile are co-located. All the DAs have independent connections to the processing center where transmit and receive signals of DAs are processed. One example of this mechanism can be found in DWCS. Synchronization of transmit signals from different antenna ports is very important, because these signals experience propagation delays that may differ by more than a symbol interval. Design of spacetime codes that are robust to differences in the propagation delays can be found in [27] . Generally, the macroscopic and microscopic fading of different DA ports are independent. However, transmit and receive antenna correlations are often observed within each port due to the placement of the array or the geometry in the transmission scenarios.
At the processing center, the optimal transmit antenna subset with the optimal power allocation is first obtained. Then, STBC symbols with unit average power are generated by the space-time encoder and are pre-multiplied before transmission by the power allocation matrix P. We assume the channel is frequency flat and perfect CSI is available at the receiver. The received signal is given as
where y and x are receive and transmit vectors, n is an m × 1 noise vector with independent identically distributed (i.i.d.) complex N (0, 1) entries and P 0 is the total average transmit power during one symbol period. P 0 /σ 2 is the transmit power to receive noise ratio (TSNR) and we denote it by ρ. The composite channel matrix H is expressed as R 1/2 r H w R 1/2 t [7] , where H w is an m × n matrix with i.
/m is the n × n transmit correlation matrix with E{.} and superscript H denoting the expectation and Hermitian transpose of a matrix, respectively. Actually,
, where R t,j , j = 1, ..., l, denotes the q j × q j normalized (with diagonal entries 1) transmit correlation matrix of the j th port and α j represents the corresponding large-scale fading. We assume R t,j has K j distinct eigenvalues λ j,k , k = 1, . . . , K j , with λ j,k having algebraic multiplicity τ j,k such that For a given data rate R and TSNR level ρ, the optimal transmit antenna subset and optimal power allocation are obtained at the receiver based on R t and R r to minimize the SER. Since R t and R r are locally stationary and vary on much slower time scale, the power allocation results can be fed back to the transmitter through a low rate channel. Note that R t and R r do not help in transmit power allocation for STBCs in C-MIMO. However, they may be conveniently utilized to counteract the adverse effect of different large scale fading in D-MIMO through optimal transmit power allocation, thus promising a practical system implementation where advantages of both STBCs and DAs are fully exploited.
III. SER DERIVATION
The signal to noise ratio (SNR) at detection η is a random process due to the randomness of the power of the instantaneous channel realizations. The average SER in the presence of fading can then be obtained by averaging the conditional SER P (e/x) over the distribution of η, i.e.,
where f η (x) stands for the probability density function (PDF) of η. Note that P (e/x) is often represented by the Q-function,
exp −y 2 /2 dy, which makes it generally difficult to calculate the integral in (2) . With the moment generating function (MGF) of η defined as
sx dx, alternative SER expressions of coherent M-QAM and M-PSK have been derived as (3) and (4) respectively in [9] .
In the following, we will first derive Φ η (s)and then obtain the SER expressions.
STBCs convert the D-MIMO channel into a single-input single-output (SISO) channel with the effective channel gain given by the square-root of the sum of the squared magnitudes of the complex-valued scalar sub-channel gains. Following the procedure outlined in [8] , for STBCs transmission over subset A l with power allocation weights w 1 , . . . , w l , η can be derived to be
where · F denotes the Frobenius norm and
Generally, the partial fractions of Φ η (s) are very useful in SER derivation, but the form of the partial fractions depends heavily on the power allocation weights w j , j = 1, . . . , l, which have not been determined yet. Without loss of generality, we assume each a j w j , j = 1, . . . , l, is different. Φ η (s) can then be resolved into the following partial fractions,
where q j,k,i,u are obtained by solving a system of linear equations, given as (7) (see next page). The linearity of the inverse of the MGF allows f η (x) to be easily derived to be, (8) with Gamma function Γ (x). Invoking the elegant closedform SER expressions of coherent MQAM and MPSK of STBCs over C-MIMO fading channels given in [10] , the SER of STBCs over the (n, l, q 1 , . . . , q l , m) correlated D-MIMO fading channels can be derived as (9) and (10) (see next page), where
is the Gauss Hypergeometric function defined in [23, p.101, Eq. 2.8. (1)] and (a) n = Γ (a + n) /Γ (a). We observe that the SER expressions are complicated functions of eigenvalues of transmit and receive correlations, large scale fading, TSNR, symbol constellations of STBCs and DA topology. Compared with SER expressions of STBCs in C-MIMO channels, e.g., Eq. 20 and Eq. 25 in [10] or Eq. 39 and Eq. 48 in [30] , where all transmit antennas have the same large scale fading and there is no need for power allocation, different large scale fadings are included in (9) and (10). Correspondingly, transmit power shall be optimally allocated to each port to counteract the adverse effect of different large scale fading.
For STBCs transmitted over any other subsets, the corresponding SER expressions can also be obtained. However, the impact of each parameter on SER performance can not be easily understood. In particular, obtaining the optimal power allocation weight w j by minimizing the SER needs complicated computation and it is rather difficult to derive the closed form w j . So we resort to bounding techniques to obtain the sub-optimal power allocation and some useful insights into how these parameters affect SER.
IV. ANTENNA SUBSET SELECTION WITH SUB-OPTIMAL POWER ALLOCATION SCHEME
The SER expressions of MQAM (M = 2 k , k is even) and MPSK symbols are given in [14, 31] as (11) and (12) respectively.
The SER of BPSK and QPSK over an AWGN channel can be approximated as 
Alternative SER expressions can be conveniently obtained if we substitute PDF f η (x) into (11) and (12) 
. This can be obtained by the aid of math tools like Mathematica). In the following derivation, we apply bounding technique to the Q-function and approximation to f η (x) respectively to obtain upper bound and approximation of SER. Since same method can be employed in bounding P MQAM and P MP SK , we take P MQAM as an example and give the results for MPSK constellations.
A. Chernoff Bound of the Q-function
Since we do not know the optimal antenna subset for STBCs transmission in a given transmission scenario, without loss of generality, we assume subset A g (with M g -QAM symbols) is optimal with optimal power allocation weights w 1 , . . . , w g , some of which may be zeros. Applying the Chernoff bound to the Q function, i.e., Q (x) ≤ exp −x 2 /2 , SER of M g -QAM constellations can be upper-bounded by (13) (see next page).
Interestingly, the SER upper bound P Ag UB is directly related to Φ η (s) , making it possible to control SER by adjusting the parameters in P Ag UB . To minimize P Ag UB by optimally allocating transmit power is equivalent to the following optimization problem
We observe the objective for the maximization is concave in the variables w j and can be maximized by the Lagrangian method. Let
. . , g, can be easily obtained by solving a set of equations (15) iteratively, and we call this algorithm as Power Allocation Scheme (PAS) 1.
Consequently, the sub-optimal SER performance can be obtained by substituting w * j into (9) or (10) . Since the upper bound is not tight, w * j may not be accurate. However, as will be illustrated later by simulations, the sub-optimal SER performance is very close to the optimum.
For a better understanding of the sub-optimal power allocation weights, the following special cases are presented.
• High TSNR Case For sufficiently high TSNR, it is straightforward to show that
Surprisingly, the above simplified sub-optimal power allocation scheme reveals that in high TSNR region the transmit power shall be allocated proportionally over all g antenna ports according to the rank of the transmit correlation matrix of each port, regardless of other parameters in the SER expressions, like TSNR, receive correlations, large scale fading, data rate and spatial rate.
• Fully Correlated Antenna Ports When transmit antennas are completely correlated within each port and the receive antennas are also fully correlated, we have λ 1 = m, λ i = 0 for i = 2, . . . , m, and λ j,1 = q j , λ j,k = 0 for j = 1, . . . , g and k = 2, ..., q j . The SER upper bound can be written as
which is actually a SER upper bound for STBCs over a (g, g, 1, . . . , 1, 1) DA topology with TSNR ρm. In this case, the sub-optimal weights w * j satisfy w * j The impact of TSNR, data rate and large scale fading on w * j is thus obvious. For a given data rate and TSNR level, more power will be allocated to the stronger antenna ports. As TSNR increases, the disparity between power allocation weights to the stronger ports and the weaker ports decreases and asymptotically equal power allocation is optimal. At a higher data rate, the disparity between power allocation weights to the stronger ports and the weaker ports increases.
Applying the Chernoff bound to the Q function, SER with M g -PSK (M g > 4), BPSK and QPSK symbols can be upperbounded by
Similarly, the sub-optimal power allocation weights for STBCs with M g -PSK symbols can also be obtained as (15) , with
, BPSK and QPSK constellations, respectively. Note that the power allocation in high TSNR region can also be derived to be (16) .
B. Approximation of f η (x)
Since the Chernoff bound is not tight, it seems rather difficult to estimate the SER performance directly from the upper bound. In the following, we consider an alternative method, i.e., we first approximate f η (x) in (11) and then calculate the integral. Again, without loss of generality, we assume A g is optimal with positive optimal power allocation weights w 1 , . . . , w g , while w z = 0,
Isx dx, can be obtained sim-
denotes the CHF of η j,k,i and I = √ −1. Applying the inverse transformation to ϕ n (s), the PDF of η can also be expressed as
Isx ds, which can be further written as (21) (see next page).
Since A g is assumed optimal, contribution of each DA port to the SER performance shall be similar, i.e., similar
weak DA ports may not be utilized. Denoting K g j=1 K j by d, f η (x) can be approximated by (22) (see next page). Note that this approximation is close when each a j w j ρλ j,k λ i /q j are comparable. Substituting (22) into SER expression with MQAM constellations in (11) and after some mathematical manipulation, the SER when subset A g is assumed optimal is approximated by (23) (see next page), where
). In the high TSNR region, e −xC2 in f η (x) can be further omitted, resulting in a simplified SER expression (24) (see next page) (Note that
The SER approximation and the simplified expression for M g -PSK symbols in high TSNR can be similarly derived as (25) (see next page) and (26), respectively. are tight. The sub-optimal power allocation vector w * for subset Ag in the high TSNR region can then be obtained by minimizing (24) and (26), which reduces to the
following optimization problem,
Through the Lagrangian method w * j is derived exactly to be (16), i.e., in high TSNR region transmit power shall be allocated proportionally according to the rank of the transmit correlation matrix of each port. We refer to the scheme which applies (16) at any TSNR level as Power Allocation Scheme 2 (PAS 2). Accordingly, with these sub-optimal weights, the SER performance of each subset can also be obtained from (9) or (10). As will be illustrated later by numerical simulations, PAS 2 also approaches the optimal performance when combined with antenna subset selection, though the power allocation weights are not accurate. (24) or (26) 
C. Some Observations

1) From either (13) or
D. Transmit Antenna Subset Selection
For subset A g with spatial rate r g (which corresponds to a certain modulation constellation), PAS 1 can minimize P Ag UB by allocating power to each DA port according to (15) . Even if some ports of A g are not actually utilized, the modulation constellation remains unchanged. As to PAS 2, A g is assumed optimal and a fixed power allocation (16) is employed. For both schemes, the same problem exists, i.e., is A g the optimal subset out of A 1 to A 2 n −1 ?
Given total data rate R and TSNR ρ, for optimal transmission of STBCs over correlated D-MIMO channels, we propose the following subset selection criteria with sub-optimal power allocation.
• Criterion 1: Allocate power to antenna subsets A k for k = 1, . . . , 2 n − 1 according to PAS 1 or PAS 2 to obtain the corresponding sub-optimal SER P A k e from SER expressions. The subset with the minimum SER shall be selected for STBCs transmission.
• Criterion 2: Allocate power to antenna subsets A k for k = 1, . . . , 2 n − 1 according to PAS 1 or PAS 2 to obtain the corresponding sub-optimal SER from Chernoff bound based SER upper bounds. The subset with the minimum SER upper bounds shall be selected for STBCs transmission.
E. Some Remarks
1) The sub-optimal SER performance of STBCs with Criterion 1 over the generalized (n, l, q 1 , . . . , q l , m) DA topology is obtained as
e , . . . , P
Note (28) is a tight upper bound on the optimal SER performance, as shown later by simulations. 2) When subset A g is really optimal, the SER performance of A g can be approximated by (23) or (25) . Therefore, it is also a good alternative to substitute the sub-optimal power allocation weights (PAS 2) into SER approximations and select the subset with the best SER for transmission. In scenarios where the approximation is not tight (most often this indicates that subset A g is not optimal), upper bound based method (Criterion 2) can be first utilized to find out the sub-optimal antenna subset and then the SER approximation shall be employed to more accurately approximate the SER performance. 3) Obviously, the complexity of Criterion 1 is much higher than Criterion 2. In the following numerical results, the former only acts as reference, while Criterion 2 is more applicable in real systems. 4) For fully scatted DAs, complexity of the proposed scheme can be significantly reduced by defining antenna subset A g , g = 1, . . . , n, as the combination of DAs with large scale fading α 1 , α 2 , . . . , α g . In total, only n subsets shall be compared. 5) Since the diversity performance of each port is no worse than that of part of the port, complexity and feedback information of the proposed scheme can also be significantly reduced by only selecting DA ports. When the transmit correlation matrix of each port has full rank, equal power allocation (PAS 2) will be adopted for the selected DA ports. At most l bits feedback information are needed. 6) The proposed framework can be easily extended to Nakagami fading channels. Taking the (n, n, 1, . . . , 1, m) DA topology with fading parameters m 1 , . . . , m n as an example. For antenna subset A n which is assumed to include all n DAs, the sub-optimal power allocation weights can be derived to be
The diversity order of STBCs in D-MIMO fading channels is actually the product of the rank of the transmit correlation matrix corresponding to the selected subset and the rank of the receive correlation matrix, e.g., when subset A g is selected, the diversity order is
Interestingly, diversity order in D-MIMO practically represents the negative of the slope of SER curve at a given TSNR level and is determined by transmit and receive correlations, large scale fading, spatial rate, TSNR and data rate. For example: 1) The diversity order gets larger as TSNR increases and asymptotically equals the full diversity order
Given TSNR, the same DA topology may exhibit different diversity order when transmitting different targeted data rates. The higher is the data rate, the lower is the diversity order;
3) The less correlated are the transmit/receive antennas, the higher the diversity order; 4) The more comparable are the large scale fadings of different DA ports, the higher is the diversity order 5) The higher is the spatial rate, the lower is the diversity order. 8) The proposed antenna subset selection with sub-optimal power allocation scheme can also be implemented at the transmitter, with the feedback of eigenvalues of transmit and receiver antenna correlation matrix. However, only port selection is possible and more system overhead is incurred. 9) As will be demonstrated by various numerical results later, the performance of Criterion 2 with PAS 2 is very close to that with PAS 1. Therefore, the issue of antenna subset selection with sub-optimal power allocation reduces to mere subset selection and n bits are enough for n DAs, because equal power allocation is employed for the selected DAs. A surprisingly close and useful analogy is hence drawn between open loop STBC in C-MIMO and optimal STBC in D-MIMO with minimum feedback. The seemingly adverse effect of different large scale fading in D-MIMO can be readily eliminated by simple antenna selection. This can be extended to cooperative diversity in ad hoc or multi-hop wireless relay systems.
V. NUMERICAL RESULTS
For the (n, l, q 1 , . . . , q l , m) D-MIMO channels, we denote the transmit correlation coefficients by u = [u 1 , . . . , u l ], where u j , j = 1, . . . l, denotes the correlation coefficient between the adjacent antennas of the j th port, and we denote the correlation coefficient between the adjacent receive antennas by v. The entries of the transmit and receive correlation matrices are given as (30) Note that port selection is assumed in the following numerical results. However, additional simulation results have demon- strated that subset selection from any combination of DAs yields similar results.
A. Verification of SER Expressions in Different Correlation Scenarios
We first verify the closed form SER expressions in (9) and (10) . Consider STBCs over a simple (4,2,2,2,2) D-MIMO channel where 4 DAs are evenly grouped into 2 ports and the receiver has 2 correlated antennas (v = 0.9). The normalized large scale fading α 1 = 1, α 2 = 0.3 and TSNR is 17dB. 
B. Optimal Power Allocation Weights at Different TSNR Levels
Further simulations of the above DA topology are presented to illustrate the optimal power allocation weights at different TSNR levels. As shown in Fig. 3 , SER of STBCs with 16QAM symbols versus w 1 are simulated at 3 TSNR levels in 2 correlation scenarios, i.e. u = [1, 0.5] and u = [0.5, 1]. Fully correlated receive antennas are assumed, i.e. ν = 1. We observe that at lower TSNR levels, e.g. 7dB, the SER decreases monotonously as w 1 increases, indicating the optimality of only port 1 transmitting. As TSNR increases, e.g. to 27dB, the optimal power allocation weight approaches a fixed value, i.e. 1/3 and 2/3 for the 2 correlation scenarios respectively. This can verify very well the sub-optimal w * 1 obtained from (16) .
C. Sub-Optimal Power Allocation Weights of PAS 1
Consider STBCs transmitted over a (6,3,2,2,2,1) DA topology where 6 DAs are equally grouped into 3 ports. We assume antenna subset A 1 includes port 1 DAs, A 2 includes port 1 and port 2 DAs, and A 3 includes the DAs in all 3 ports. Four system scenarios are simulated to illustrate the influence of large-scale fading, data rate and transmit correlations on the sub-optimal power allocation. Scenario 1 is simulated as a baseline, with u = [1, 1, 1], 3bits/s data rate and normalized large scale fading α 1 = 1, α 2 = 0.3, and α 3 = 0.1. For Scenario 2, large scale fading is changed to α 1 = 1, α 2 = 0.9, and α 3 = 0.8. For Scenario 3, a larger data rate, 6bits/s, is transmitted. Finally, correlation coefficients for Scenario 4 are changed to u = [0, 1, 1]. For Scenarios 1, 2 and 3, full transmit correlation is assumed within each port and the system configuration is equivalent to a (3,3,1,1,1,1) system. We assume full rate (8PSK symbols for 3bits/s and 64QAM for 6bits/s) for A 1 and A 2 and 3/4 rate (16QAM symbols for 3bits/s and 256QAM for 6bits/s) for A 3 . While for Scenario 4, full rate for A 1 and 3/4 rate for A 2 and A 3 are assumed.
The sub-optimal power allocation weights obtained from (15) are displayed in Fig. 4 and Fig. 5 . As depicted in Fig. 4 , for subset A 3 , when TSNR is above 24dB, DAs in all 3 ports shall be utilized, with more power allocated to port 1 and least power to port 3. As TSNR increases, more balanced power allocation is observed. However, when TSNR is between 16 to 24dB, only ports 1 and 2 are useful. When TSNR is below 16dB, only the strongest port 1 DAs shall be selected. As to subset A 2 , when TSNR is above 12dB, ports 1 and 2 shall be selected and when TSNR is below 12dB, only the strongest port 1 is selected. Note that A 3 can actually be employed only when TSNR is beyond 24dB and A 2 can actually be employed when TSNR is beyond 12dB.
In Scenario 2, all the ports within each antenna subset are utilized in the TSNR region considered. This can be explained by the fact that α 1 , α 2 , and α 3 are more comparable than those in Scenario 1. In Scenario 3, we observe from Fig. 5 that port 2 DAs of both A 2 and A 3 will not be utilized until TSNR is over 30dB and port 3 DAs of A 3 will be utilized only when TSNR is beyond 38dB. This indicates that at a given TSNR level less antenna ports will be utilized when a higher data rate is transmitted. In Scenario 4, port 1 DAs are assumed uncorrelated. Consequently, in high TSNR region we observe that 2/3 power will be allocated to port 1 in A 2 and 1/2 power to port 1 in A 3 .
D. Comparison of Sub-Optimal Power Allocation Schemes
Consider the above (6,3,2,2,2,1) STBCs in Scenario 1. The SER performance of A 2 and A 3 are depicted in Fig. 6 , where both PAS 1 and PAS 2 (equal power allocation in this case) are adopted. The results are surprisingly satisfactory, i.e., SER performance of A 2 and A 3 with PAS 2 is very close to that with PAS 1, especially in the TSNR region where these subsets are actually utilized, e.g., when TSNR is beyond 24dB for A 3 and when TSNR is beyond 12dB for A 2 , as shown in Fig. 4 .
The Chernoff inequality based upper bounds of A 2 and A 3 with PAS 1 and PAS 2 are also depicted, which are not tight for the whole TSNR region plotted. However, we observe SER upper bounds of each subset with PAS 1 are quite close to those with PAS 2. Also, the intersection points of A 2 and A 3 with either PAS 1 or PAS 2 are very close to the intersection point of the actual SER curves, indicating applicability of antenna subset selection criterion 2. The SER approximations of A 2 and A 3 with PAS 2 are also depicted, which are much tighter than the upper bounds. In the much interested SER range, e.g., 10 −3 to 10 −2 , these approximations are very close to the actual SER performance.
E. Antenna Subset Selection with Sub-Optimal Power Allocation
Antenna subset selection criteria for STBCs transmission over D-MIMO channels are illustrated by the above (4,2,2,2,2) DA topology. The targeted data rate is 3bits/s. There are 3 antenna subsets, including full rate A 1 (port 1 DAs) with 8PSK symbols, 3/4 rate A 2 (ports 1 and 2 DAs) with 16QAM symbols, and full rate A 3 (port 2 DAs) with 8PSK symbols. For reference, we obtain the optimal SER performance of A 2 by optimally allocating transmit power between the two ports, and in this process we maintain 16QAM constellations although for some TSNR levels port 2 DAs may not be used. 2 scenarios are studied, including Scenario 1 where u = [0.5, 1], α 1 = 1, α 2 = 0.3 and Scenario 2 where u = [0.5, 1], α 1 = 1 and α 2 = 0.01. Since the SER performance of A 3 is worse than A 1 , we only consider subsets A 1 and A 2 in subset selection. The SER performance of A 1 , SER approximation of A 1 , upper bonds of A 1 , A 2 with PAS 1, A 2 with PAS 2, A 2 with equal power allocation, A 2 with optimal power allocation, SER approximation of A 2 with PAS 2, upper bounds of A 2 with PAS 1 and PAS 2, A 2 with optimal power allocation, and SER performance with antenna subset selection are depicted for the 2 scenarios in Fig. 7 and Fig. 8 respectively.
For Scenario 1, we find that the sub-optimal performance of A 2 with PAS 2 is very close to the performance of A 2 with PAS 1 and the optimal performance, even in low TSNR region. With antenna subset selection, A 1 is selected when TSNR is lower than 24dB and A 2 is selected when TSNR is beyond 24dB. The benefit of antenna subset selection compared with equal power allocation over A 2 is obvious, e.g. a 2.5dB reduction of TSNR at 10 −2 SER. We also find that SER approximations of A 1 and A 2 are very close to the actual SER, ensuring subset selection based on these lower bounds yields exactly the same results, though with much reduced complexity. Finally, we gladly observe that subset selection based on upper bounds of A 1 and A 2 (with either PAS 1 or PAS 2) incurs very little performance degradation, e.g., less than 1 dB in this scenario.
Intuitively, when α 1 is much larger than α 2 , A 1 will outperform A 2 in a much broader TSNR region. For Scenario 2, the SER performance of A 1 is found to outperform A 2 in the whole plotted 12 to 27dB TSNR region. A more significant performance improvement of subset selection over equal power transmission is observed, e.g. 5.6dB TSNR reduction at 10 −2 SER promised by antenna subset selection. Similar to Scenario 1, upper bound based subset selection also yields very good performance. However, SER approximation based subset selection does not work, because the SER approximation of A 2 with PAS 2 is quite loose at lower TSNR region, which may be explained by the large gap between α 1 and α 2 . However, our SER approximation of optimal antenna subset should not be questioned, because subset A 2 is not optimal in this scenario. Therefore, the application of SER approximation based subset selection shall be combined with upper bound based method, i.e., given a TSNR level, upper bound based method is applied first to decide the sub-optimal antenna subset, then SER approximation of the selected subset can be utilized to more accurately approximate the actual SER.
For the above 2 scenarios, we observe that the upper bound on the optimal SER performance in (28) corresponds to the SER curves with antenna subset selection in Fig. 7 and Fig.  8 , indicating the tightness of this upper bound.
Also note that the diversity order of A 1 and A 2 in the high power region is 2 and 3 respectively. But the diversity is 2 under 24dB and 3 beyond 24dB in Scenario 1, indicating more transmit antennas are selected as TSNR increases.
VI. CONCLUSIONS This paper investigates optimal diversity performance of STBCs in D-MIMO channels. Transmit power allocation is implemented at the receiver based on the second order channel statistics to minimize the SER. For STBCs with MQAM and MPSK symbols transmitted over a generalized antenna topology in flat Rayleigh fading channels with transmit and receive antenna correlations, the closed-form SER expressions are derived. Upper bounds on SER are also derived, based on which sub-optimal power allocation schemes with reduced complexity are further proposed, including 'water pouring' scheme PAS 1 and fixed power allocation scheme PAS 2. PAS 2 allocates transmit power proportionally over antenna ports according to the rank of the transmit correlation matrix of each port, regardless of other parameters in the SER expressions.
Efficient antenna subset selection criteria are further proposed, which adopts either PAS 1 or PAS 2 and selects the subset with the minimum SER or SER upper bound for transmission. Numerical results have demonstrated that transmission of STBCs with the proposed criteria achieve the optimal diversity performance over correlated D-MIMO channels. In particular, Criterion 2 with PAS 2 is more appealing, which reduces the optimal transmit power allocation issue to antenna subset selection by equally allocating power to the selected DAs, thus significantly reducing feedback overhead, e.g., at most n bits for n DAs. Actually, STBCs with Criterion 2 (PAS 2) in D-MIMO channels are analogous to open loop STBCs in C-MIMO. With inherent macroscopic diversity, transmit/receive diversity and shortened access distance, STBCs with Criterion 2 (PAS 2) may have wider applications in future wireless communications. Combined with Criterion 2, a close SER approximation is also presented, which can be directly utilized for performance prediction of STBCs in D-MIMO channels.
